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Introduction {#chem201902830-sec-0001}
============

Complex precipitation patterns and instabilities can be obtained by coupling precipitation reactions and diffusion.[1](#chem201902830-bib-0001){ref-type="ref"}, [2](#chem201902830-bib-0002){ref-type="ref"}, [3](#chem201902830-bib-0003){ref-type="ref"} However, a higher level of hierarchy and a better control on the system may be achieved by introducing other transport processes, such as osmosis, migration, or convection. In this context, the growth of three‐dimensional inorganic silicate precipitate tubes, so called chemical gardens is focused from many different aspects.[4](#chem201902830-bib-0004){ref-type="ref"} To gain a better control on tube diameter and reactant composition, the traditional salt‐dissolution method has been first replaced by active injection.[5](#chem201902830-bib-0005){ref-type="ref"} The quality of the structures could be further improved by applying bubble‐guidance where the enhanced buoyancy contribution leads to straight tubes.[6](#chem201902830-bib-0006){ref-type="ref"} Composite precipitate membranes have also been produced, which may pave the way toward applications in heterogeneous catalysis.[7](#chem201902830-bib-0007){ref-type="ref"} Chemical garden patterns can be also achieved in the absence of silicate ions. The copper(II)‐phosphate system has been extensively studied, and a phase diagram that maps compositions at which precipitate membrane tubes grow vertically at a constant rate has also been obtained.[8](#chem201902830-bib-0008){ref-type="ref"} Such membrane structures have facilitated the determination of osmotic contribution during the tube growth, which also provides a procedure to compare the permeability of membranes composed of different chemical elements.[9](#chem201902830-bib-0009){ref-type="ref"}

Flow‐driven precipitation patterns are also investigated in horizontally and radially propagating systems. If the host liquid layer is sufficiently deep, buoyancy plays an important role in determining product properties, for example, the thermodynamically unstable polymorph of a given chemical compound can be synthesized.[10](#chem201902830-bib-0010){ref-type="ref"} As an alternative possibility, confining the system helps in reducing buoyancy contribution, which gives rise to more pronounced manifestation of chemical character dependent product properties.[11](#chem201902830-bib-0011){ref-type="ref"}, [12](#chem201902830-bib-0012){ref-type="ref"}, [13](#chem201902830-bib-0013){ref-type="ref"}, [14](#chem201902830-bib-0014){ref-type="ref"}, [15](#chem201902830-bib-0015){ref-type="ref"}

To go one step further on the way of controlled synthesis of complex precipitation patterns, the application of an external driving force is a tempting possibility. Optical control, for example, has been utilized by Cooper et al.[16](#chem201902830-bib-0016){ref-type="ref"} to develop the desired polyoxometalate‐based microtubes for which the major driving force is the local convection arising from the laser as a local heat source. In this context, manipulating with a magnetic field may provide the advantages of an easily adjustable field strength and direction, whereas it is noninvasive, but sensitive to composition‐dependent magnetic susceptibility. Also, magnetic field may affect chemical equilibria and crystallization steps. Homogeneous chemical reaction propagation fronts, such as the cobalt(II)‐catalyzed auto‐oxidation of benzaldehyde, were already investigated in the presence of an enhanced magnetic field. In that particular system, the direction of the magnetic induction could be adjusted in such a way as to repel the product of the reaction and, thus, lead to hindered diffusion and slowed front propagation.[17](#chem201902830-bib-0017){ref-type="ref"}, [18](#chem201902830-bib-0018){ref-type="ref"} The front propagation speed of an other prominent reaction, the Belousov--Zhabotinsky‐reaction was also investigated in a magnetic field, and the magnet caused acceleration and deceleration manifested also in the shape of the front.[19](#chem201902830-bib-0019){ref-type="ref"} The magnetic field dependent diffusion of paramagnetic ions can be applied for the separation of solutes; also, labeled living cells can be sorted this way.[20](#chem201902830-bib-0020){ref-type="ref"}, [21](#chem201902830-bib-0021){ref-type="ref"}, [22](#chem201902830-bib-0022){ref-type="ref"}

Not only solutes and cells, but also entire jets of conducting liquids can be directed within the framework of magnetohydrodynamics. Furthermore, if a precipitation reaction is taking place between the reactant solutions the motion of which is manipulated by magnetic field, solid 3D structures may be obtained with tailored properties. Traditional salt dissolution based chemical garden experiments have been performed in cylindrical test tubes placed in magnetic field (superconducting magnet, 5--15 T) and the resulted precipitate tubes grew upward helically.[23](#chem201902830-bib-0023){ref-type="ref"}, [24](#chem201902830-bib-0024){ref-type="ref"} The chirality of the pattern could be switched by inverting the position of magnetic poles. Considering that the zinc(II) and magnesium(II) salts applied are diamagnetic, the evolution of the helical structures is explained on the basis of the boundary‐assisted magnetohydrodynamics, in which the Lorentz force acts on the rising solution and induces convection, the direction of which depends on the orientation of the boundary and the magnetic field.

In this study, we investigate the chemical‐garden‐type tube growth in two different chemical systems, namely gadolinium‐carbonate and gadolinium‐phosphate systems in an inhomogenenous static magnetic field. We quantify the effect exerted by a permanent bar magnet on the tubes obtained upon injection. The role of chemistry is also addressed in a way that the results gained when applying different injection rates and magnetic fields are explained on the basis of membrane rigidity and reaction rate.

Results and Discussion {#chem201902830-sec-0002}
======================

Phase diagrams and quantitative pattern characterization {#chem201902830-sec-0003}
--------------------------------------------------------

Several precipitation patterns can be obtained depending on the density difference (Δ*ρ*=*ρ* ~host~−*ρ* ~injected~) of the reactant solutions when one liquid is injected into the other one in a 3D reactor. The phase diagram of such precipitation patterns traditionally depicts characteristic pattern regimes as a function of the reactant concentrations as shown in Figure [1](#chem201902830-fig-0001){ref-type="fig"}. In the regime marked with blue triangles, Δ*ρ*≤0 leads to patterns spreading on the bottom of the reactor, because buoyancy is not sufficiently strong to help the evolution of an upward growing pattern. Although a slight increase of Δ*ρ* already results in a vertically growing precipitate structure (orange diamonds in Figure [1](#chem201902830-fig-0001){ref-type="fig"}), tubes with regular diameter can only be achieved by maintaining a sufficiently large density difference (red squares in Figure [1](#chem201902830-fig-0001){ref-type="fig"}). Further increased Δ*ρ*, however, may cause oscillatory breakage of the pattern (popping regime[5](#chem201902830-bib-0005){ref-type="ref"} indicated with green bullets in Figure [1](#chem201902830-fig-0001){ref-type="fig"}) because buoyant force overcomes the tensile strength of the precipitate membrane. The arrangement of phases is a function of the injection rate (*Q*) as well, considering that an enhanced upward flow cooperating with buoyancy can lead to the breakage of the structure. Therefore, to reproducibly grow gadolinium phosphate precipitate tubes, 0.05 [m]{.smallcaps} GdCl~3~ and 0.3 [m]{.smallcaps} Na~3~PO~4~ solutions were used at low flow rates (0\<*Q*\<10 mL h^−1^, Δ*ρ*=0.0441 g cm^−3^), while 0.15 [m]{.smallcaps} GdCl~3~ and 0.5 [m]{.smallcaps} Na~3~PO~4~ solutions are used at high flow rates (30\<Q\<240 mL h^−1^, Δ*ρ*=0.0547 g cm^−3^). Within the concentration range spanned for the gadolinium phosphate system, gadolinium carbonate always provides nicely growing precipitate tubes. To compare the results obtained for the two different chemical systems, \[Gd^3+^\] and also buoyancy contribution are kept constant by choosing such CO~3~ ^2−^ concentrations that the density difference between the host (Na~3~PO~4~ or Na~2~CO~3~) and the injected (GdCl~3~) solutions remains equal in the two systems. The selected range of flow rates (1\<*Q*\<240 mL h^−1^) creates a laminar flow within the precipitate tube and in the liquid jet, characterized by Reynolds numbers between 1 and 100.

![Phase diagram of precipitation patterns in the gadolinium‐phosphate system at *Q*=5 mL h^−1^. Horizontal spreading (▴), irregular (⧫) and regular (▪) tube growth, and popping (•) regimes are indicated as well.](CHEM-25-14826-g001){#chem201902830-fig-0001}

For a quantitative pattern characterization, the linear growth rate (*r~l~*) and the outer diameter (*d*) of the tubes are measured at different injection rates for the two chemical systems. The tube diameter is found to be independent of *Q* in both systems, although the gadolinium phosphate tubes exhibit narrower distribution (0.7--0.8 mm) for the parameter, unlike the gadolinium carbonate tubes where it varies between 0.4 and 0.9 mm. The difference in diameter distribution can be explained by taking the mechanical properties of the formed tubes into account. The visual observation of the samples removed from the liquid reveals that, in Na~3~PO~4~ host solution, Gd^3+^ ions yield a rigid precipitate membrane, which confines the injected liquid more effectively and leads to smaller fluctuations in the diameter, whereas in Na~2~CO~3~ host solution a more flexible membrane develops, allowing for larger variation. With sodium phosphate host solution, *r* ~1~ is a linear function of *Q*, whereas it is only weakly dependent on *Q* for the carbonate system. The volume increase rate of the precipitate tubes (*r~V~*) is calculated from the measured tube diameter, which remains constant as the structure evolves during an experiment, and the linear growth rate as r~*V*~=r~*l*~ (*d*/2)^2^π and it is plotted as a function of *Q* in Figure [2](#chem201902830-fig-0002){ref-type="fig"}. It is found that *r~V~* is smaller than *Q* with one order of magnitude because the tip of the tube is open; thus, the jet of the injected solution rises up freely during the membrane growth and forms a precipitate on the upper surface of the host solution as it spreads. Injection rates significantly higher than volume increase rates also mean that the osmotic contribution is negligible under the experimental conditions maintained.

![Volume increase rate (*r~V~*) as a function of injection rate (*Q*) for gadolinium phosphate (•) and carbonate precipitate tubes (▪). Composition: \[GdCl~3~\]=0.05 [m]{.smallcaps}, \[Na~3~PO~4~\]=0.30 [m]{.smallcaps}, \[Na~2~CO~3~\]=0.54 M.](CHEM-25-14826-g002){#chem201902830-fig-0002}

Before explaining further how the effect of injection rate and magnetic field can be quantified according to our tube growth experiments, the spatial distribution of magnetic induction (*B*) must be explored within the region of interest, that is, in the spatial domain in which the reactor is placed relative to the magnet. After separately measuring the *x* and *z* components of *B*, they are combined by vector addition and the result is plotted in Figure [3](#chem201902830-fig-0003){ref-type="fig"}. It can be concluded from Figure [3](#chem201902830-fig-0003){ref-type="fig"} a that *B* is quasi constant along the *x* axes at a given distance from the magnet within the experimentally relevant spatial domain, that is, there is no significant change in the magnetic field along the tube growth direction. The decay of *B* with increasing distance (*z*) at the equator of the bar magnet can be described by Equation [(1)](#chem201902830-disp-0001){ref-type="disp-formula"} $$B = \frac{\mu_{0}M}{4\pi\left\lbrack {l^{2} + z^{2}} \right\rbrack^{3/2}}$$

![(a) Two‐dimensional plot of magnetic induction *B* (inscribed values in Tesla) as a function of distance from the side of the magnet taken at a plane going through the vertical center line of the reactor. (b) One‐dimensional plot of *B* taken at the center of *x*--*y* side of the magnet, that is, at the center of *x* axis in (a).](CHEM-25-14826-g003){#chem201902830-fig-0003}

considering the measured data points (solid line in Figure [3](#chem201902830-fig-0003){ref-type="fig"} b), in which *μ* ~0~, *M*, and *l* are the permeability of vacuum, magnetisation, and the length of the magnet, respectively. Equation (1) is derived from the concept of magnetism, that is, *M*∼*B*,[25](#chem201902830-bib-0025){ref-type="ref"} by taking simple geometrical considerations into account to address the effect of a varying magnet distance. Magnetic induction *B* decays rapidly with increasing distance from the magnet, thus tube growth experiments must be conducted in a reactor placed close to it (∼0--2 cm) to ensure detectable effects.

When the tube growth experiment is carried out in the magnetic field detailed above, the otherwise vertically growing precipitate tube shows a tendency to grow towards the magnet. Contact height (*h*), which is defined as the vertical distance between the tip of the injection needle and the contact point of the precipitate tube and the reactor wall, is used to quantify the magnetic field effect (see Figure [4](#chem201902830-fig-0004){ref-type="fig"} c). In the liquid jet, ions are transported mainly by advection, nevertheless Lorentz force alone is not expected to play a major role in shaping the patterns, because a significant separation between the anion and the cation of the injected solution does not build up. However, the growing precipitate creates a new boundary forming a confined space, in which the mutual effect of boundary and magnetohydrodynamics has been known to lead to helical structures of chemical garden tubes, for which the Lorentz force is responsible in the pattern formation.[23](#chem201902830-bib-0023){ref-type="ref"}, [24](#chem201902830-bib-0024){ref-type="ref"} We have therefore performed experiments to systematically decouple the effects of Lorentz force, paramagnetism, and precipitation, whereas buoyancy contribution and injection rate (Q=60 mL h^−1^) were kept constant. In the first scenario, to test how important the Lorentz force is, AlCl~3~ solution (0.3 [m]{.smallcaps}) is injected into a Ca(NO~3~)~2~ host solution (0.79 [m]{.smallcaps}, Δ*ρ*=0.0579 g cm^−3^). Aluminum and gadolinium form trivalent hydrated ions in aqueous solution, thus the force exerted by the magnetic field on moving charged particles is the same in both cases. Also, Al^3+^ ions do not give precipitate with NO~3~ ^−^ ions. It is seen in Figure [4](#chem201902830-fig-0004){ref-type="fig"} a that the injected jet (visualized by methyl red indicator, \<0.2 vol %) rises up without any change in direction, thus we can conclude that Lorentz force has no contribution in changing the tube orientation. In the second case, GdCl~3~ solution (0.15 [m]{.smallcaps}) is injected into a Ca(NO~3~)~2~ host solution (0.79 [m]{.smallcaps}, Δ*ρ*=0.0555 g cm^−3^), thus the effect of paramagnetism is present in the system in the absence of precipitation. The injected jet (visualized by bromocresol green indicator, \<0.2 vol %) is prominently attracted towards the magnet. The effect can be quantified by measuring *h* that reaches a constant value typically after a transient period of a few seconds (time sequence of images in Figure [4](#chem201902830-fig-0004){ref-type="fig"} d captured at Q=1 mL h^−1^). In the last scenario, when both paramagnetism and precipitate formation are present in the experiment, the GdCl~3~ solution (0.15 [m]{.smallcaps}) is injected into the Na~3~PO~4~ host solution (0.5 [m]{.smallcaps}, Δ*ρ*=0.0547 g cm^−3^). It can be concluded from Figure [4](#chem201902830-fig-0004){ref-type="fig"} c, that the jet is attracted towards the magnet similarly to that seen in Figure [4](#chem201902830-fig-0004){ref-type="fig"} d(7 s), but *h* cannot change anymore because the precipitate tube forms shortly after the contact of the two reactants. Therefore, paramagnetism seems to be the major contributor in modifying hydrodynamics during the tube attraction and an appropriately fast precipitation may help to preserve the shape by confining the fluid flow within a more or less rigid membrane.

![Demonstration of the effects of the Lorentz force (a), paramagnetism (b), and precipitation coupled to paramagnetism (c). Contact height (*h*) and its time evolution in parts (c) and (d), respectively. The magnet was placed next to the reactor and its position is indicated by red rectangles on the left.](CHEM-25-14826-g004){#chem201902830-fig-0004}

Effect of flow rate on tube growth {#chem201902830-sec-0004}
----------------------------------

To investigate how *h* depends on the coupling of hydrodynamics and precipitation in the presence of magnetic field, experiments are performed at fixed magnet--reactor configuration maintaining the smallest possible distance between them, whereas Q is systematically varied for three different cases. As a reference case without involving any precipitation, Gd^3+^ solution with 0.2 vol % bromocresol indicator was injected at low flow rates (1\<*Q*=10 mL h^−1^). The contact height increases in conjunction with *Q*, because a faster stream carries a larger momentum, thus the jet cannot be attracted as easily towards the magnet (green triangles in Figure [5](#chem201902830-fig-0005){ref-type="fig"} a). In the gadolinium phosphate system, however, *h* decreases with increasing *Q* (black bullets in Figure [5](#chem201902830-fig-0005){ref-type="fig"} a) which is counterintuitive. Also, the contact height measured at the lowest injection rate is significantly greater than the one corresponding to the indicator system. Such results can be understood by comparing the rate of injection to that of reaction. In flow‐driven precipitation systems, an enhanced flow preferably leads to membrane formation for a given chemical composition. This is caused by the better mixing between the reactants in the vicinity of the reaction zone and thus a larger number of precipitate nuclei is produced. Those colloid nuclei are linked through van der Waals interactions and are able to form coherent precipitate membranes.[15](#chem201902830-bib-0015){ref-type="ref"} If *Q* is sufficiently low, the slowly growing membrane partially follows the stream line but also forces it to tilt towards the magnet in a smoother manner, thus *h* becomes larger than it would have been without the precipitate. This effect, therefore, depends also on the flexibility of the membrane; more rigid membrane leads to larger *h*. If *Q* increases, the precipitate nuclei composing the membrane are formed earlier and in a larger number thus the upward shift of the stream line is restricted. The higher the injection rate is, the more pronounced the restriction is which leads to lower h as presented with the black bullets in Figure [5](#chem201902830-fig-0005){ref-type="fig"} a. Finally, *h* is independent of *Q* for the gadolinium carbonate system and its value is equal to that for the indicator system at the lowest injection rate (red squares in Figure [5](#chem201902830-fig-0005){ref-type="fig"} a). As previously mentioned, carbonate robustly forms precipitate membranes within the entire concentration range spanned for the phosphate system. Moreover, the wall of gadolinium carbonate membranes is much thinner than in the case of phosphate; thus, they cannot be collected from the reactor after the experiments because they fall apart upon removal of the host solution. These facts allow us to assume that the structure of the thin gadolinium carbonate membranes is only slightly dependent on the flow conditions and, thus, no trend is found for the contact heights.

![Contact height (*h*) as a function of injection rate (*Q*) for low (a) and high (b) values for gadolinium phosphate (•) and carbonate (▪) precipitate tubes, and for indicator system without precipitation (▴). Composition: \[GdCl~3~\]=0.05 [m]{.smallcaps}, \[Na~3~PO~4~\]=0.30 [m]{.smallcaps}, \[Na~2~CO~3~\]=0.54 [m]{.smallcaps} (a); \[GdCl~3~\]=0.15 [m]{.smallcaps}, \[Na~3~PO~4~\]=0.5 [m]{.smallcaps}, \[Na~2~CO~3~\]=0.9 [m]{.smallcaps} (b).](CHEM-25-14826-g005){#chem201902830-fig-0005}

The effect of flow rate on *h* is also investigated at a significantly higher regime (30\<*Q*\<240 mL h^−1^) to see how the systems behave when hydrodynamics dominates over precipitation. To obtain membranes sustaining such high flow rates, reactant concentrations have been increased, as indicated in the Experimental Section. This also means that *h*--*Q* trends observed for low and high flow rates are comparable, unlike the absolute values of *h*. It is found that, although *h* increases in conjunction with *Q* for each system, the membrane still restricts the upward shift of the jet because the systems involving precipitation depict significantly lower contact heights (Figure [5](#chem201902830-fig-0005){ref-type="fig"} b). Therefore, hydrodynamics dominates the system at sufficiently high injection rates and the slight change of the flexibility and time evolution of the membrane upon enhanced mixing cannot lead to decreasing *h* values as observed for low injection rates.

Effect of magnetic field on tube growth {#chem201902830-sec-0005}
---------------------------------------

To investigate the effect of magnetic field on tube growth, the distance between the reactor and the magnet was varied from one experiment to the other, whereas the injection rate (*Q*=60 mL h^−1^) and reactant concentrations were kept constant at values applied in the high injection rate regime. The exact distance between the magnet and the injection needle is determined on the basis of the recorded images for each separate experiment. The substitution of such distances into the equation of *B*--*z* curve obtained upon fitting Equation (1) leads to precise magnetic induction values for each tube growth experiment. The measured contact heights are plotted as a function of *B* in Figure [6](#chem201902830-fig-0006){ref-type="fig"} for the three different systems. As the reactor is placed farther from the magnet, that is, *B* becomes lower, *h* linearly increases for each case; the fitted lines are described by Equations [(2)](#chem201902830-disp-0002){ref-type="disp-formula"}, [(3)](#chem201902830-disp-0003){ref-type="disp-formula"}, [(4)](#chem201902830-disp-0004){ref-type="disp-formula"}:$$\left( h/{cm} \right) = - \left( 13.2 \pm 0.5 \right)\,\left( B/T \right) + \left( 4.4 \pm 0.1 \right),\mspace{720mu} R{}^{2} = 0.949$$ $$\left( h/{cm} \right) = - \left( 8.0 \pm 0.6 \right)\,\left( B/T \right) + \left( 3.0 \pm 0.1 \right),\mspace{720mu} R{}^{2} = 0.897$$ $$\left( h/{cm} \right) = - \left( 13.0 \pm 1.0 \right)\,\left( B/T \right) + \left( 4.9 \pm 0.3 \right),\mspace{720mu} R{}^{2} = 0.913$$

![Contact height (*h*) as a function of magnetic induction (*B*) for gadolinium phosphate (•) and carbonate (▪) precipitate tubes, and for indicator system without precipitation (▴). Composition: \[GdCl~3~\]=0.15 [m]{.smallcaps}, \[Na~3~PO~4~\]=0.5 [m]{.smallcaps}, \[Na~2~CO~3~\]=0.9 M.](CHEM-25-14826-g006){#chem201902830-fig-0006}

for phosphate, carbonate, and indicator system, respectively.

The slopes are the same within experimental errors for the indicator and phosphate systems because the precipitation is slow compared to the flow and, thus, paramagnetic attraction plays the major role. In the case of carbonate, for which precipitation is fast, contact height decreases less steeply. At a given distance, that is, magnetic induction, *h* is the highest for the indicator system because there is no precipitate membrane which could restrict the upward shift of the jet. If precipitation formation takes place in the experiment, the faster appearing membrane can restrict more effectively the jet. Considering that the precipitation of gadolinium phosphate is slower than the formation of gadolinium carbonate, one would expect higher contact height for the phosphate than for the carbonate system, which is in fact the case (see Figure [6](#chem201902830-fig-0006){ref-type="fig"}). This effect of reaction rate diminishes with increasing *B* because *h* becomes similar for the two precipitation systems.

Postsynthetic precipitate characterization {#chem201902830-sec-0006}
------------------------------------------

To reveal the effects of the induced flow and the applied magnetic field on the microstructure and the chemical element distribution of the precipitates obtained for the gadolinium‐phosphate system, samples have been collected from experiments either in batch or under flow conditions in the presence and absence of the magnetic field. Gadolinium‐carbonate system could not be examined this way because the precipitate tubes fell apart upon removing the host solution from the reactor which again highlights how thin membranes are produced. Figure [7](#chem201902830-fig-0007){ref-type="fig"} represents a selection of images recorded by scanning electron microscopy (SEM) and X‐ray microtomography (μCT) instruments for experiments with 0.15 M GdCl~3~ and 0.5 M NaPO~4~ solutions at *Q*=60 mL h^−1^; the reactor is placed right next to the magnet. In the well‐stirred batch system, no sign of membrane structure is found but the precipitate forms polycrystalline globules with a characteristic diameter of a few hundred nanometers (Figure [7](#chem201902830-fig-0007){ref-type="fig"} a). However, if flow is introduced in the system by injecting one reactant into the other one, macroscopic membrane tubes grow which emphasizes the importance of spatial gradients during synthesis methods because they prominently determine the product properties. Panel b) of Figure [7](#chem201902830-fig-0007){ref-type="fig"} depicts images of the precipitate membrane produced in the absence of an external magnetic field.

![SEM and μCT (b.2 and c.1) images of gadolinium phosphate precipitate obtained in batch (a) and under flow conditions in the absence (b) and in the presence (c) of an external magnetic field.](CHEM-25-14826-g007){#chem201902830-fig-0007}

The outer surface of the tube is smooth and homogeneously structured (Figure [7](#chem201902830-fig-0007){ref-type="fig"} b.1 and [7](#chem201902830-fig-0007){ref-type="fig"} b.3), unlike the interior part, which features numerous defects that are simultaneously revealed by SEM applied for damaged tube surface and by μCT for unharmed tube sections; Figure [7](#chem201902830-fig-0007){ref-type="fig"} b.1 and [7](#chem201902830-fig-0007){ref-type="fig"} b.2, respectively. The defects provide some insights into the microstructure of the underlying precipitate layers, in which polygonal sheet‐like entities are found in a large amount, which significantly differ from the other parts of the interior membrane surface (Figure [7](#chem201902830-fig-0007){ref-type="fig"} b.4). When the same tube growth experiment is performed in the presence of magnetic field, significant difference is observed in the microstructure. Although the outer surface of the tube resembles that without magnet (Figure [7](#chem201902830-fig-0007){ref-type="fig"} c.2), the interior part is smooth on the macroscale; there is no sign of defects over the 2.5 mm length of the sample (Figure [7](#chem201902830-fig-0007){ref-type="fig"} c.1). This may be attributed to the ordering magnetic force on the paramagnetic membrane, which weakens the effect of thermal fluctuations. Taking a closer view on the interior surface reveals a microstructure similar to that observed in between the segmentations of the tubes grown in the absence of a magnetic field (Figure [7](#chem201902830-fig-0007){ref-type="fig"} c.3).

No characteristic difference in the chemical element distribution has been found independently of the presence or absence of an external magnetic field, although the precipitate membranes have been investigated also by energy dispersive X‐ray spectroscopy (EDX). This may be interpreted as the magnetic induction, despite being maintaned sufficiently large to attract the injected jet, cannot induce the spatial enrichment of the paramagnetic solute during the time scale of precipitation and it does not lead to differentiated crystal growth.

Conclusion {#chem201902830-sec-0007}
==========

Membrane growth experiments were performed by injecting the solution of a paramagnetic solute containing Gd^3+^ ions into either a sodium carbonate or a phosphate solution to investigate the effect of the magnetic field on the resulting precipitate tubes. The vertically growing membranes were characterized by determining their outer diameter and linear growth rate. The diameter was found to be independent of the injection rate for both chemical systems and the tubes were open at the tip as they evolved; thus, the osmotic contribution is not significant in the growth mechanism. Upon application of an inhomogeneous static magnetic field, the tubes were attracted towards the magnet, which was quantified by measuring the contact height as a function of injection rate and magnetic induction. We have proven that the Lorentz force has no effect on the pattern, whereas paramagnetism and precipitation are the most prominent driving forces under the magnetic field provided by a permanent bar magnet. When the injection rate is slow compared to that of the chemical reaction, rigid precipitate membrane confines the fluid jet and raises the contact height. When the injection is sufficiently fast, the upward shift of the jet attracted toward the magnet is restricted by the evolving membrane. The gadolinium phosphate system provided stable precipitate structures, unlike the gadolinium carbonate system; thus, the phosphate membranes were used for the microstructure analysis. Although polycrystalline globules were produced in batch, the spatial gradients introduced by the injection resulted in the formation of membranes. The outer surface of such membranes were similar independently of the magnetic field effect, but the interior part of magnetically guided tubes exhibited a much more ordered structure than that formed without the magnetic field. Finally, under the maintained experimental conditions, no characteristic spatial arrangement of chemical element distribution was found, despite the flow and magnetic field applied. Considering that the intensity and the orientation of a magnetic field can be readily controlled, we believe that studying the membrane growth in the presence of a magnetic field as a noninvasive exterior driving force is a promising path towards the improvement of product properties and, thus, the applicability of artificial chemical gardens.

Experimental Section {#chem201902830-sec-0008}
====================

**Methods**

To grow precipitate tubes upon injection, the experiments were realized in a vertically positioned rectangular reactor with inner dimensions of 1×1x10 cm constructed from 2‐mm thick Plexiglass sheets as shown in Figure [8](#chem201902830-fig-0008){ref-type="fig"}. The reactor was first filled with a host solution of either trisodium phosphate (Na~3~PO~4~ **⋅**12H~2~O, 0.05--0.5 [m]{.smallcaps}) or sodium carbonate (Na~2~CO~3~, 0.3--0.9 [m]{.smallcaps}) upto a constant solution height (7.5 cm). The gadolinium(III) chloride solution (GdCl~3~ **⋅**6H~2~O, 0.05--0.2 [m]{.smallcaps}) is injected from below by a syringe pump (KdScientific 180) at various constant volumetric flow rates (*Q*, 1--240 mL h^−1^) through a needle (inner diameter=0.5 mm; outer diameter=0.8 mm) placed in the center of the bottom of the reactor. The needle slightly penetrated into the host solution to provide an appropriate basis for the precipitate tube to grow. Although the reactant concentrations were varied from one experiment to the other, conditions were maintained so that the injected solution is always less dense than the host electrolyte, thus buoyancy helps the upward growth of the tubes. The density of the reactant solutions has been measured by a density meter (Anton Paar DMA 500) with 10^−4^ g cm^−3^ precision.

![Sketch of the experimental setup. The positions of two opposing poles of the bar magnet are indicated with red (north) and blue (south) colors.](CHEM-25-14826-g008){#chem201902830-fig-0008}

To investigate what effect the magnetic field exerts on the tube formation under flow conditions, a permanent bar magnet (NiCuNi patented NdFeB core, 10×4x2 cm) was placed at different distances along the *z* axis from the reactor so that the solution that leaves the needle upon injection is already in the vicinity of the magnet (see Figure [8](#chem201902830-fig-0008){ref-type="fig"}). The characterization of the magnetic field was performed by measuring the spatial distribution of magnetic induction (*B*) in the zone where the reactor has been placed. A Hall effect sensor connected to a Gauss meter (AlphaLab GM2) was placed on a positionable table and *B* is measured in a region of 20×20×25 mm with 2 mm spatial resolution in each dimension. Also, considering that *B* is a vector quantity, *x* and *z* components perpendicular to the magnetic force lines were determined.

Each tube growth experiment was performed at room temperature, recorded by using a black and white digital camera (UniBrain), and reproduced at least three times. The growth rate and the tube diameter were determined by a gray‐scale‐based in‐house software. The tubes obtained were collected from the reactor, washed with deionized water, and dried under ambient conditions. For postsynthetic characterization, scanning electron microscopy (SEM, Hitachi S‐4700, 20 kV accelerating voltage, gold coating) was employed to reveal the microstructure properties, energy dispersive X‐ray spectroscopy (EDX, Röntec QX2, 20 kV accelerating voltage) was used to investigate the spatial distribution of the chemical elements incorporated, and X‐ray microtomography (μCT, Bruker Skyscan 2211, 70 kV accelerating voltage, nanofocusing mode, 180° total rotation with 0.2° resolution, 2 s exposition time, averaging on two images) is applied to reveal the entire 3D structure of the samples.
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